Transcutaneous immunization (TCI) is a new method for vaccine delivery that has been shown to induce immunity relevant to enteric disease vaccines. We evaluated the clinical safety and immunogenicity of a recombinant subunit vaccine against enterotoxigenic Escherichia coli (ETEC) delivered by TCI. Adult volunteers received patches containing the recombinant ETEC colonization factor CS6, either with heat-labile enterotoxin (LT) or patches containing CS6 alone. The vaccine was administered at 0, 1, and 3 months, and serum antibodies and antibody-secreting cells (ASCs) were assessed. Among the 26 volunteers that completed the trial, there were no responses to CS6 in the absence of LT. In the groups receiving both CS6 and LT, 68 and 53% were found to have serum anti-CS6 immunoglobulin G (IgG) and IgA, respectively; 37 and 42% had IgG and IgA anti-CS6 ASCs. All of the volunteers receiving LT had anti-LT IgG, and 90% had serum anti-LT IgA; 79 and 37% had anti-LT IgG and IgA ASCs. Delayed-type hypersensitivity (DTH), suggesting T-cell responses, was seen in 14 of 19 volunteers receiving LT and CS6; no DTH was seen in subjects receiving CS6 alone. This study demonstrated that protein antigens delivered by a simple patch could induce significant systemic immune responses but only in the presence of an adjuvant such as LT. The data suggest that an ETEC vaccine for travelers delivered by a patch may be a viable approach worthy of further evaluation.
An estimated 7.5 million cases of severe diarrhea and 400,000 deaths per year worldwide are caused by enterotoxigenic Escherichia coli (ETEC) among infants and children (8) . ETEC is the most common cause of acute diarrhea among travelers to developing countries (3, 33, 44, 50) , and ETEC is still a major problem for military personnel deployed in those countries. During the Persian Gulf War in 1990 to 1991, diarrhea from any cause was reported by 57% of the U.S. troops stationed in Saudi Arabia, and 20% reported lost duty time due to illness. ETEC and Shigella were the predominant causes of diarrhea among U.S. troops during this deployment (23, 56) . ETEC is one of the main causes of food-borne disease in developing countries (51) and is an important cause of waterborne outbreaks of diarrheal disease (10, 22) .
Measures to avoid traveler's diarrhea include hygienic measures that prevent the consumption of food or water contaminated with ETEC; however, these hygienic measures are difficult to maintain during travel to areas where ETEC-caused disease is endemic. Traveler's diarrhea is usually treated with oral antibiotics, rehydration, and intestinal antimotility agents (35) . Antibiotic prophylaxis against ETEC traveler's diarrhea has been tested and shown to be effective (45) ; however, drug resistance of ETEC against multiple antibiotics has been documented since the early 1980s (39, 57) and continues to be an issue of growing concern (21, 27) . ETEC infection induces an immune response that protects against disease on subsequent exposure (31) . This suggests that a vaccine is a possible solution (30) , yet presently there are no licensed ETEC vaccines.
To induce illness, ETEC first must adhere to intestinal epithelial cells through binding proteins called colonization factors (CF). CF interact with receptors on the host intestinal epithelial cells, allowing for adherence of ETEC to the intestinal mucosa (4, 5) . After adhering to the mucosal cells, ETEC causes watery diarrhea by expressing heat-labile enterotoxin (LT), heat-stable enterotoxin (ST), or both toxins. Studies have shown CF to be immunogenic (29) , and antibodies against CF produced by natural infection or by active immunization (25, 38, 49) or given through passive immunization (12, 48) can prevent diarrhea by blocking the adherence of ETEC to the intestinal mucosa. Three CF, CFA/I, CS3, and CS6, in addition to LT are present in the majority of ETEC isolates recovered from patients with ETEC diarrhea in 18 sites around the world (54) . These CF and LTs have been targeted as important antigens in the development of an ETEC vaccine. CS6 is one of the most prevalent CF worldwide to be characterized (19, 20, 55) .
Transcutaneous immunization (TCI) is a novel strategy for administering adjuvant and antigen to the skin surface. The adjuvant and antigen applied using TCI apparently target Langerhans cells in the skin, eliciting systemic antibodies, including antitoxin antibodies, as well as specific T-cell responses (16, 18, 32 ; R. Vassell, G. M. Glenn, M. C. Udey, T. SchartonKersten, and C. R. Alving, Fifth Natl. Symp. Basic Aspects Vaccines, abstr. A633, 1999). Although these toxins cannot readily be used orally and in their native forms in humans because of their enterotoxicity (30, 34) , they have been shown to be safe in animal and human studies (13) (14) (15) (16) 43) . LT produced by ETEC is both a strong immunogen eliciting high titers of antitoxin antibodies and a potent adjuvant for immunizations (7) . Although the contribution to protection against ETEC by antitoxin immunity in the human setting is debated (6, 52) , animal studies strongly suggest that such immunity can be protective (14, 36, 37) . In this study we demonstrate that LT acts as both an antigen and an adjuvant for a coadministered antigen, validating the observation that the adjuvant is critical for induction of strong systemic immune responses when delivering vaccines to the skin.
MATERIALS AND METHODS
Subjects and eligibility. Healthy male and female volunteers, aged 18 to 45 years, were recruited from the Washington, D.C., metropolitan area. Exclusion criteria included travel to an area of ETEC diarrhea endemicity in the previous year; a recent history of traveler's diarrhea; pregnancy; infection with human immunodeficiency virus, hepatitis B virus, or hepatitis C virus; and allergy to antibiotics. Informed consent was obtained from all volunteers, and the human use guidelines of the U.S. Department of Defense were followed in the conduct of this trial. The protocol was approved by the Institutional Review Board of the Office of The Surgeon General, U.S. Army.
Vaccine composition. The vaccine components consisted of CS6 antigen mixed with LT. CS6 was produced under present good manufacturing practices (GMP) at the Forest Glen Pilot BioProduction Facility of the Walter Reed Army Institute of Research, Silver Spring, Md. The bacterial strain used for the production of CS6 was constructed from a laboratory strain of E. coli (HB101), and a plasmid containing the four-gene operon necessary for CS6 expression was inserted by recombinant techniques. The CS6 genes were cloned from ETEC strain E8875 (55) . The major steps in the production of CS6 included bacterial fermentation; purification of the CS6 from the fermentation broth by tangential flow filtration followed by ammonium sulfate precipitation; intermediate storage of the bulk CS6 protein in phosphate-buffered saline (PBS) solution at Ϫ80°C; thawing, stirring, and distribution into vials; and storage at Ϫ80°C. CS6 was formulated as purified protein in 2-ml serum vials with gray split rubber stoppers sealed with aluminum crimps. Each vial contained 0.9 ml of 1.3-mg/ml CS6 protein in PBS. Native LT of E. coli was produced under present GMP at the Swiss Serum and Vaccine Institute, Bern, Switzerland. The LT was produced from E. coli strain HE22 TP 235 Km. The LT was supplied as lyophilized powder. Each vial contained 500 g of lyophilized LT and was reconstituted with 1 ml of sterile water. The doses of adjuvant (LT) and antigen (CS6) by vaccination group are shown in Table 1 .
Vaccine administration. The vaccine was administered in three doses. The first dose was administered on day 0, and the second and third immunizations on days 28 and 84, respectively, after the first immunization. The vaccine was administered transcutaneously using a semiocclusive patch consisting of a 2-by 2-in cotton gauze matrix (two-ply; no. 2556; Kendall) with a 2-by 2-in polyethylene (Saran Wrap) backing covered by a 4-by 4-in Tegaderm dressing (semiocclusive; catalog no. 1616; 3M).
At the time of vaccination the vaccine was applied in 500 l of sterile saline and administered as a split dose on each upper arm. Each split dose contained the corresponding dose of CS6 (antigen) alone or in combination with 250 g of LT (adjuvant). The upper arm was positioned in a half-extended manner on an examination table and was prepared by gently rubbing five times with an isopropyl alcohol (70%) swab. The cotton gauze was placed on each upper arm, and the immunization solution was applied to the gauze with a syringe. The polyethylene backing was then placed over the impregnated cotton gauze and covered with the Tegaderm dressing. Volunteers remained in the research clinic for 20 min following patch application for observation. Volunteers were instructed not to touch the patches or engage in strenuous physical activity during the time that the patches were worn. The patches were removed 6 h after application (range, 4 to 8 h). The immunization sites were then rinsed with 500 ml of water and patted dry. The volunteers were instructed to bathe or shower in the evening but to refrain from heavy scrubbing of the immunization site with soap to avoid unusual irritation of the skin. The volunteers were reimmunized at 28 and 84 days after the first immunization. Each volunteer received the same dose of vaccine on each immunization.
Postvaccination follow-up. Volunteers were observed for 20 min after each dose for occurrence of immediate adverse effects. The volunteers were given a diary to record signs and symptoms observed after vaccination. Reported symptoms were graded as mild (noticeable), moderate (affecting normal daily activities), or severe (suspending normal daily activities). The volunteers were evaluated at 24 and 48 h for clinical assessment and evaluation of possible side effects. Volunteers who showed signs of vaccine skin reactions were instructed to return to the clinic at 72 h for additional clinical assessment. Volunteers were then followed as needed until side effects had completely resolved. One of the volunteers who developed a skin rash in the site of immunization was asked to undergo a skin biopsy. This biopsy was performed by a dermatologist, following standard procedure, and under a separate, written informed consent.
ASC immune responses. The responses of antibody-secreting cells (ASCs) to the vaccine antigens were chosen as an immunological endpoint for this study, since previous studies have shown that ASC responses correlate with mucosal intestinal immune responses (53) . Venous blood samples were obtained from the volunteers on day 0 before immunization and on days 7, 28, 35, 56, 84, 91, 98, and 112 after the first immunization. Blood specimens were collected using EDTAtreated tubes (Becton Dickinson Vacutainer Systems, Rutherford, N.J.). Peripheral blood mononuclear cells (PBMC) were isolated from the blood sample by gradient centrifugation on Ficoll-Hypaque (Sigma Chemical Co., St. Louis, Mo.) and were assayed for total and vaccine-specific numbers of IgA and IgG ASCs by the enzyme-linked immunospot (ELISpot) technique (9, 53) . Individual wells of nitrocellulose-bottomed 96-well plates (Millititer HA; Millipore Corp., Bedford, Mass.) were coated with 0.1 ml of purified CS6 (20 g/ml) or GM 1 ganglioside (0.5 g/ml) and were incubated overnight at 4°C. After a PBS wash, GM 1 -coated wells were exposed to LT (0.5 g/ml) for 2 h at 37°C. After being washed with PBS, the plates were blocked with complete RPMI medium (Gibco BRL, Grand Island, N.Y.) supplemented with 5% fetal calf serum (Gibco BRL) and 50 g of gentamicin (Gibco BRL)/ml. The PBMC were adjusted to 2 ϫ 10 7 viable cells/ml in complete RPMI medium. A final 0.1-ml suspension of PBMC was added to each well (10 6 PBMC added per well), and plate contents were incubated for 4 h at 37°C in 5.0% CO 2 . Plates were washed. Their contents were incubated overnight at 4°C with a mixture of two affinity-purified goat anti-human immunoglobulin antibodies with distinct isotype specificities, one conjugated to alkaline phosphatase (immunoglobulin G [IgG] ) and the other conjugated to horseradish peroxidase (IgA) (Southern Biotech Associates, Birmingham, Ala.), and were exposed to the appropriate chromogen-enzyme substrate (Sigma). Spots, corresponding to a zone of antibodies secreted by individual cells, were enumerated in triplicate wells under ϫ40 magnification, with data expressed as the number of spot-forming cells per 10 6 PBMC. As previously described (1, 24, 25), we defined a positive ASC response as a Ն2-fold increase over baseline value of the ASCs per 10 6 PBMC, when the number of ASCs was Ն 0.5 per 10 6 PBMC in the baseline sample. If the number of preimmune ASCs was less than 0.5 per 10 6 PBMC, a value of Ͼ1.0 per 10 6 PBMC after dosing was considered a positive response. Serum antibody measurements. Venous blood samples were obtained from the volunteers before immunization and on days 14 and 28 after each immunization for measurements of serum antibody titers. IgA and IgG antibody titers against LT were measured by the GM 1 -enzyme-linked immunosorbent assay (ELISA) method (24, 47) , and those against the CS6 were determined by ELISA methods as previously described (17, 46) . LT (provided by the Swiss Serum and Vaccine Institute) and CS6 (GMP lot 0695; provided by F. Cassels, Walter Reed Army Institute of Research, Silver Spring, Md.) were used as solid-phase antigens. The LT and CS6 used for the ELISAs were from the same lots used for the vaccine preparation. Individual microtiter wells (immunoplates; Nunc, Roskilde, Denmark) were coated with GM 1 ganglioside (0.5 g/ml) (Sigma) at room temperature overnight or with 0.1 ml of a 1.0-g/ml preparation of CS6 at 37°C overnight. The GM 1 -coated wells were then washed with PBS and incubated with (Sigma) . The endpoint titers were assigned as the interpolated dilutions of the samples giving an optical density at 450 nm of 0.4 above background (absorbance at 450 nm). Titers were adjusted in relation to a reference specimen included in each test to compensate for day-to-day variation. For both antigens, pre-and postdosing serum samples from the same volunteer were always tested side by side. The antibody titer ascribed to each sample represented the geometric mean of duplicate determinations performed on different days. Reciprocal endpoint titers that were Ͻ 5 were assigned a value of 2.5 for computational purposes. Based on our calculations of the methodological error of each ELISA, previous to the study, we defined a significant response (seroconversion) as a Ն2-fold increase in endpoint titer between pre-and postimmunization specimens (26) , with the added criterion that the postimmunization reciprocal titer be Ն 10. Statistical methods. All volunteers receiving the three scheduled doses of vaccine were included in the postdosing safety and immunogenicity analyses. Proportions were compared using the 2-by n 2 test for which ␣ ϭ 0.05 and power ϭ 0.8. Fisher's exact test was used in 2-by 2 tables when the number contained in one of the cells was Ͻ 5 (40) . The median number of ASCs and median plasma antibody titer fold increases were compared separately using the Wilcoxon rank test to assess the boosting effect of each consecutive dose of vaccination (11) . All statistical tests were two-tailed.
RESULTS
Vaccine administration. Thirty-three volunteers were enrolled and received at least one dose of the study vaccine. The volunteers were 21 to 44 years of age; by sex, 17 females and 16 males; and by race, 15 black, 16 white, and 2 Asian. Of the 33 volunteers, 7 did not complete the study for reasons unrelated to the study: conflict with their work schedule (4), moving from the D.C. metropolitan area (2) , and admission to a local clinic for illegal drug use (1). Twenty-six volunteers received the three scheduled doses of the vaccine and completed all the postvaccination follow-up visits, and the data on these volunteers are shown. These volunteers were 21 to 44 years of age; by sex, 13 females and 13 males; and by race, 12 black, 12 white, and 2 Asian. The number of volunteers by vaccine dose is shown in Table 1 .
Reactogenicity. Of the volunteers that received a combination of LT/CS6, 74% (14 of 19) developed a maculopapular rash at the site of vaccination. No volunteers receiving CS6 alone developed a rash. The reaction was mild in 13 volunteers and moderate in 1 volunteer. White volunteers developed the rash significantly more frequently than black volunteers (11 of 11 versus 3 of 8; P Ͻ 0.005). Seven reactions occurred after the administration of the second dose and 14 occurred after the third dose; all seven volunteers with a second dose-related rash also developed the rash after the application of the third dose. The clinical diagnosis was contact dermatitis (delayed-type hypersensitivity [DTH]). One volunteer with the characteristic rash underwent a biopsy of the affected skin after receiving the third dose of LT/CS6. The biopsy showed mild dermal chronic inflammation (lymphocytic) with focal spongiosis. The pathological diagnosis was subacute spongiotic dermatitis, characteristic of DTH. The rash usually began within 24 h after patch application. Rash developing after the second dose lasted a median of 9 days (range, 1 to 14); the third dose rash lasted a median of 6 days (range, 1 to 11). Volunteers were offered 0.1% triamcinolone cream for relief of potential vaccine-related symptoms. None of the subjects used the cream after the first or second immunization. Eight patients with rashes that occurred after the third dose were treated with the triamcinolone cream. There were no apparent clinical differences regarding the appearance and severity of local symptoms (pruritus) or signs (erythema, papules) when compared by vaccination dose. There were no statistically significant differences in the magnitudes of the serological immune responses between the users of triamcinolone cream and the nonusers.
Immunogenicity. Immune responses were detected only in volunteers receiving both adjuvant and antigen (Fig. 1) , although one volunteer who received only two doses of CS6 alone had a positive anti-CS6 IgA response (but no CS6 IgG) at a single time point. There were no significant differences in the frequency or the magnitude of the serum antibody or ASC responses to LT and CS6 between the four groups that received the adjuvant and antigen combination; therefore, data were pooled for further statistical analysis and presentation. All volunteers (100%) receiving LT demonstrated a serum anti-LT IgG response, and 90% produced anti-LT IgA. Anti-CS6 serum antibody responses rates were lower than the anti-LT response rate with 68 and 53% of volunteers showing a greater-than-twofold rise in anti-CS6 IgG and IgA titers, respectively. The individual peak fold rises in serum antibodies to LT and CS6 are depicted in Fig. 1 . Robust responses to both LT and CS6 were observed, although there was a great deal of variability in the magnitude of the response. The mean anti-LT IgG response to LT exceeded the mean fold response previously described by nearly a log (16) and was greater than the response to CS6.
The kinetics of the serum antibody responses are depicted in Fig. 2 . The postdose serum antibody titers for each group were combined and are presented as geometric mean titers with 95% confidence intervals. The kinetics of the immune responses to LT differ markedly to the kinetics of the response to CS6 in that strong priming and boosting responses to LT were seen, whereas the CS6 responses were primarily seen with boosting. Memory responses to CS6 appear to occur, as suggested by the significant difference in the pooled anti-CS6 IgG and IgA responses after both the second and third immunizations.
The percentage of ASC response rate and median number of antigen-specific ASCs per 10 6 PBMC are shown in Table 2 . Both CS6 and LT-specific ASCs were detected. The time and magnitude of peak number of ASCs for each individual responder by specific ASC type are depicted in Fig. 3 . In the majority of responders, peak ASCs were detected after the second or third immunization. All seven volunteers that demonstrated anti-CS6 IgG ASCs had their peak number of ASCs after the third immunization.
DISCUSSION
Our study is the first report of the use of recombinant CS6 as antigen in a human vaccine and the use of an antigen in combination with adjuvant applied using TCI in human volunteers. Robust immune responses to CS6 were seen only in volunteers receiving both adjuvant and antigen, validating the observation that the adjuvant is critical for induction of strong systemic immune responses as seen previously in animal stud-ies (58) . A previous study of natural disease in humans infected with ETEC strains expressing CS6 showed that CS6-specific immune responses developed following infection (20) . Clinical trials using the live ETEC strain B7A in a human challenge model have shown the immune response to this CS6 expressing organism to be protective against developing diarrhea when the volunteers were rechallenged with the same strain, although the role of immunity to CS6 in protection was not evaluated (31) . The immune responses to CS6 in the present trial are similar to responses after more recent challenge studies with the ETEC strain B7A, which expresses CS6 (M. K. The immune responses to CS6 and LT seen in humans using TCI are also similar to the response seen in preclinical animal studies using TCI (59). Both antitoxin and anti-CS6 immunity were seen, demonstrating that LT could act both as adjuvant and antigen for an ETEC vaccine. The preclinical studies clearly demonstrate that anti-LT antibodies generated using TCI can protect against enteric toxin challenge (58). The role of antitoxin immunity in human protection is debated; however, TCI may induce a more robust and durable immunity to LT than the B subunit immunity that has been shown to be protective in field studies (6, 17) . Without an enteric animal challenge model for CS6, the relevance of the CS6 antibody responses can only be evaluated in clinical field or challenge studies. Preclinical studies also suggest that far more efficient use of antigen and adjuvant is possible, and the lack of significant differences in the CS6 response between dosing groups in the present trial suggests that lower doses may be effective. The immune kinetics demonstrate boosting of the antibody response ( Fig. 2) and, in combination with the elicitation of DTH, suggest that T-cell-based memory is induced, consistent with preclinical observations (18) . Previous studies demonstrated that anti-LT immunity is stable and long-lasting in concert with strong memory responses (16) .
Clinical trials of an oral, inactivated, whole-cell ETEC vaccine have shown this vaccine to be relatively safe and immunogenic in adults (41) and children (42) . However, these studies also showed that 13% of the preschool children receiving the vaccine failed to properly ingest the vaccine preparation and that 4 to 9% of the children vaccinated had gastrointestinal symptoms of reaction to either the vaccine or the buffer solution in the vaccine preparation. The results of this study suggest that TCI is a potential alternative method for effectively administering an ETEC vaccine that can avoid the dif- ficulties of oral administration of a vaccine or the hazards of unsafe injections of other vaccines (28) . The only adverse event related to the vaccine studied was a mild DTH developed by most of the volunteers who received the LT and CS6 combination. However, the DTH was self-limited and cleared without sequelae in all volunteers. The significantly less frequent DTH manifested in the black volunteers than in the white volunteers is consistent with previous findings showing that darker skin is less susceptible than lighter skin to diverse skin allergens (2) . The use of triamcinolone cream by eight volunteers after the third dose decreased the symptom intensity and probably shortened the duration of the DTHs, apparently without interfering with the serological immune responses.
LT has been previously administered to humans using TCI, resulting in significant serological anti-LT IgA and IgG responses without eliciting DTH (16) . This previous study using the same adjuvant and patch materials and the finding that DTH occurred only in the presence of adjuvant and CS6 implicate the specific CS6 response as the potential cause for the DTH, although the true cause is not known at this time. It is possible that a robust immunological response may be elicited by TCI without eliciting DTH by carefully selecting the patch materials, patch wear protocols, and the antigens and adjuvant to be used in the vaccine preparation.
The results of this study support the feasibility of developing a transcutaneous vaccine against ETEC. The study also shows that elicitation of immune responses to vaccine antigens using a simple patch applied to the skin requires the use of adjuvant. The combination of antitoxin immunity and anti-CS6 immunity against CS6-expressing strains, which largely produce ST toxin, may provide a combination of immunity against LT-and STmediated disease (56) . Further studies on the transcutaneous administration of the other common ETEC CF CFA/I and CS3 in combination with CS6 and adjuvant should continue, followed by immunization and challenge studies in order to measure the functional and protective responses elicited by TCI against ETEC diarrhea.
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